A Northern Hemisphere (NH) polar stratospheric pathway for La Niña events is established during wintertime based on reanalysis data for the 1958-2012 period. A robust polar stratospheric response is observed in the NH during strong La Niña events, characterized by a significantly stronger and cooler polar vortex. Significant wind anomalies reach the surface, and a robust impact on the North Atlantic-European (NAE) region is observed. A dynamical analysis reveals that the stronger polar stratospheric winds during La Niña winters are due to reduced upward planetary wave activity into the stratosphere. This finding is the result of destructive interference between the climatological and the anomalous La Niña tropospheric stationary eddies over the Pacific-North American region.
Introduction
El Niño-Southern Oscillation (ENSO) is the main source of interannual variability in the tropics with relevant teleconnections in the Northern Hemisphere (NH) extratropics (Horel and Wallace 1981) . The stratospheric signal during the warm ENSO phase (El Niño) has been extensively documented (García-Herrera et al. 2006; Manzini et al. 2006; Fletcher and Kushner 2011) ; during El Niño winters, upward wave activity toward the stratosphere is enhanced through constructive interference between the El Niño anomalies and the climatological eddies, resulting in a warmer and a weaker polar vortex. Related zonal mean zonal wind anomalies in the stratosphere propagate downward into the troposphere, having an impact on the North Atlantic and European (NAE) region (Cagnazzo and Manzini 2009; Ineson and Scaife 2009; Bell et al. 2009 ). It has been indeed shown that El Niño has the potential to improve seasonal predictability over Europe (Domeisen et al. 2015) .
Less attention has been paid to the stratospheric response to the cold ENSO phase (La Niña), and it is not clear yet whether La Niña can affect the NAE region through a stratospheric pathway. Some studies based on reanalysis and observational data have shown a polar stratospheric cooling during La Niña winters, although the response is either weak or not significant (Mitchell et al. 2011; Free and Seidel 2009) . It should be noted that the short record (and thus small signal-to-noise ratio) could be perhaps the reason for the absence of an evident robust stratospheric La Niña response in observations and reanalysis data. For this reason, a relatively low threshold is sometimes used to increase the number of identified La Niña events (Butler and Polvani 2011; Barriopedro and Calvo 2014; Domeisen et al. 2015) . The different thresholds used to select cold ENSO events in the literature hamper a direct comparison among these studies. Thus, the polar stratospheric response and consequently its downward propagation to the troposphere during La Niña are still uncertain.
Here, we make use of a slightly longer reanalysis dataset than previously used to assess the NH stratospheric pathway of La Niña. We first use a relatively high La Niña threshold to investigate whether La Niña winters can lead to a robust response in the polar stratosphere distinguishable from the climatological state and whether a La Niña stratospheric pathway of influence into the troposphere is detectible. Thereafter, we explore the sensitivity of La Niña stratospheric signal to the threshold used to identify the events. Concerning the La Niña stratospheric pathway of influence into the troposphere, we recall that a close linkage between La Niña winters and the NAE region has already been found. Negative sea level pressure (SLP) anomalies are observed north of 508N in late winter during La Niña events (Moron and Gouirand 2003) , together with a strong precipitation anomaly pattern over the European region (PozoVázquez et al. 2005) . This pattern, characterized by enhanced precipitation over Great Britain and Scandinavia and reduced precipitation over the southwestern Mediterranean area, is related to a positive phase of the North Atlantic Oscillation (NAO). However, Pozo-Vázquez et al. (2005) acknowledged that they could not provide a physical explanation for the relationship between cold ENSO events and the improvement on European climate predictability (via a positive NAO-like pattern). We will show that these linkages are consistent with a La Niña stratospheric pathway of influence to the troposphere.
In addition, by testing the sensitivity of La Niña signals on the selection threshold, we will shed light on the question of whether La Niña surface impact in the NAE region is modulated by other sources of variability, such as the stratospheric sudden warmings (SSWs) and the quasi-biennial oscillation (QBO). As Butler and Polvani (2011) stated, in the reanalysis record the SSW frequency of occurrence is enhanced, with respect to neutral winters, during both El Niño and La Niña winters. At the same time, the ENSO response is also influenced by the QBO (Garfinkel and Hartmann 2007, 2008; Calvo et al. 2009; Richter et al. 2015) . For La Niña winters during the easterly QBO (EQBO) phase, an anomalous stratospheric temperature increase is observed in early winter, while a nonrobust signal is observed during La Niña winters under westerly QBO (WQBO) conditions (Garfinkel and Hartmann 2007) . Likewise, the occurrence of SSWs can also be modulated by the QBO, as SSW occurrence could be favored during EQBO winters (McIntyre 1982) , and delayed to mid-and late winter under WQBO conditions (Lu et al. 2008) . Therefore, within a short record and by using a low threshold, the interference with the SSWs and QBO signals could lead to an uncertain La Niña response.
Methods

a. Event detection
To characterize La Niña signal, first we need to establish the criterion to identify La Niña events. Several indices have been used in the literature, considering different oceanic regions, such as Niño-3 (N3) (58N-58S, 1508-908W) (Hoerling et al. 1997; Manzini et al. 2006) or Niño-4 (N4) (58N-58S, 1608E-1508W) (Kug and Ham 2011; Zhang et al. 2015) . However, most recent studies used the Niño-3.4 (N3.4) (58N-58S, 1708-1208W) index from the National Centers for Environmental Prediction/Climate Prediction Center (NCEP/CPC) (e.g., Free and Seidel 2009; Butler and Polvani 2011; Garfinkel et al. 2012; Butler et al. 2014; Barriopedro and Calvo 2014; Domeisen et al. 2015) . For this reason, we choose the N3.4 index from the NCEP/CPC. In addition, these indices have been computed using sea surface temperature (SST) anomalies (e.g., Butler and Polvani 2011; Garfinkel et al. 2012) or their standardized values (e.g., Hoerling et al. 1997; Mitchell et al. 2011) . Finally, different thresholds have been applied to select the events. Some studies selected La Niña events below 20.58C (Domeisen et al. 2015) or 20.7 standard deviations (SD) (Pozo-Vázquez et al. 2005) , while other studies applied higher thresholds of 21 SD (Mitchell et al. 2011) or 21 K (Free and Seidel 2009) . As discussed in the introduction, the use of unequal thresholds could lead to a diverse range of responses.
To address this issue, we define La Niña winters by the standardized November-December-January-February (NDJF) SST anomalies, from the ERSSTv4 dataset and for the 1958-2012 climatological period, considering two thresholds: 21 and 20.5 SD. La Niña events selected below 21 SD will be referred to as strong La Niña events (8 events), whereas the events identified below 20.5 SD will be named extended La Niña events (20 events). Table 1 lists the La Niña winters identified by both thresholds. For comparison, we included the winters identified by Free and Seidel (2009) and Butler and Polvani (2011) , who used thresholds of 21 and 20.58C, respectively. The comparison shows that for the same period, the use of SST anomalies or their SD does not change the La Niña winter selection (see Table 1 ).
Major SSWs are identified using the criteria defined by Charlton and Polvani (2007) . The central dates of the SSWs that occurred during La Niña winters are listed in Table 1 . These central dates agree with those found by Nishii et al. (2011) and Taguchi (2016) , using the same Japanese reanalysis. Differences across reanalyses on SSW detection are already documented (Charlton and Polvani 2007; Palmeiro et al. 2015) and do not alter our results (not shown). The QBO phase is evaluated using the 58S-58N average zonal mean zonal wind at 50 hPa, which is close to the most favorable level to find the link with the NH identified by Baldwin and Dunkerton (1998) . Following the definition used by Butler et al. (2016) , westerly (easterly) QBO phases are classified when the zonal mean zonal wind in November is above 5 m s 21 (below 25 m s 21 ) (stated in Table 1 ).
b. Data and analysis
This study analyzes monthly mean and daily data from the Japanese 55-year Reanalysis (JRA-55) (Kobayashi et al. 2015) , from the Japan Meteorological Agency. The data are distributed in a horizontal grid of 2.58 3 2.58 (latitude 3 longitude), with 37 vertical pressure levels, ranging from 1000 to 1 hPa. Monthly mean time series of precipitation and surface temperature at high resolution (0.58 3 0.58 grid) are obtained from the University of East Anglia Climatic Research Unit (CRU) time series (TS) 3.21 dataset (Harris et al. 2014) . Time series for each field are detrended and the anomalous fields are computed with respect to the total climatology from 1958 to 2012, and then anomalies are composited for the identified La Niña events.
To investigate the polar stratospheric response, the December-January-February (DJF) average is computed, whereas the November-December-January (NDJ) average is used to analyze the preceding mechanisms. The surface impact is analyzed in January-February, when the largest signals are observed. To study the downward propagation of the signal the standardized northern annular mode (NAM) index is computed by projecting daily geopotential height anomalies onto the first empirical orthogonal function (EOF) of the 60-day low-pass geopotential height anomaly (208-908N). The statistical significance (when indicated) is assessed with a Monte Carlo test of 1000 trials, in which random groups of the same number of years as those in the composites are chosen from the entire 55-yr period. Anomalies are considered significant with respect to the climatology at the 90% and 95% confidence levels. A Student's t test is also applied to compare meridional eddy heat flux terms.
Results
a. La Niña stratospheric pathway
In this section, the response to strong La Niña events (those identified using the 21-SD threshold) is analyzed. Figure 1 shows the latitude-pressure DJF average of the TABLE 1. La Niña winters selected in this study, for 21-and 20.5-SD thresholds. La Niña winters identified by Free and Seidel (2009) and Butler and Polvani (2011 zonal mean temperature (Fig. 1a) and zonal mean zonal wind (Fig. 1b) composited for strong La Niña events. In the tropics, La Niña signal is characterized by an anomalous significant cooling (about 20.7 K) in the troposphere and anomalous significant warming in the lower stratosphere. These anomalies in temperature are accompanied by a significant weakening of the subtropical jets. In the high latitudes, a significant cooling (peaking at about 23 K) appears in the stratosphere (from about 300 to 10 hPa) together with a robust strengthening of the zonal mean zonal winds that extends into the troposphere and reaches the surface. The observed significant temperature pattern was also reproduced in model simulations by Calvo et al. (2010) . Robust results hold for the NCEP-NCAR (Kalnay et al. 1996) and ERA (ERA-40 for 1958-78 and ERA-Interim for 1979-2012) (Uppala et al. 2005; Dee et al. 2011) reanalyses for the same period (not shown).
The identified significant stratospheric zonal mean temperature and wind anomalies are indicative of a strong and cold polar vortex, whose evolution through the winter is depicted in Fig. 2 , averaged from 708 to 908N for the former and 508 to 708N for the latter. Detailed inspection of Fig. 2 reveals a downward propagation of the anomalies from the upper stratosphere in early winter to the lowermost stratosphere and the troposphere in late winter (January-February). The largescale character of the anomalies is demonstrated by the zonal mean zonal wind significant anomalies (Fig. 2b) , which reach the surface in January and February, in thermal wind balance with the temperature patterns. Figure 2 also shows the evolution of the NAM index, which is a compact measure of the vortex strength (Baldwin and Dunkerton 2001) and stratospheretroposphere coupling. The NAM index (Fig. 2c ) shows significant positive values (red colors) reflecting a strong vortex, which is amplified in the lower stratosphere and shows a temporal development in line with the temperature and wind anomalies (Figs. 2a, b) .
In summary, a robust polar stratospheric response, in the form of a stronger and colder polar vortex that reaches the surface is observed during strong La Niña events. It is interesting to note that our results are based on a data record that includes two more events (the latest two events of 2007/08 and 2010/11 winters) than previous studies (Free and Seidel 2009; Mitchell et al. 2011 ), which did not find a robust signal in the polar lower stratosphere and the troposphere even though they used the same threshold (21 SD). Therefore, with the caution of a still short dataset and the sampling uncertainty, we suggest that the use of a longer dataset helps to capture a significant stratospheric signal in strong La Niña winters. In fact, the studies that reported a surface signal over Europe for La Niña analyzed near 100-yr periods (Moron and Gouirand 2003; Pozo-Vázquez et al. 2005) . Accordingly, the surface impact of the identified stratospheric response over the Arctic and the NAE region is illustrated in Fig. 3 , for the January-February average, when the largest signal at the surface was observed (Fig. 2) . The Arctic region displays negative SLP anomalies while positive SLP anomalies appear over the NAE region (Fig. 3a) . Anomalies are about 28 hPa over the Icelandic low and 4 hPa over the Azores high, resembling a positive NAO phase. Notably, these anomalies are of the same order (but opposite in sign) to those found in response to El Niño events by Cagnazzo and Manzini (2009) in reanalysis data. Consistent with the SLP anomalies, a significant anomalous warming is observed at the surface over northern and central Europe (Fig. 3b) (3 K) is reached over Scandinavia. The positive NAO-like pattern is related to a decrease in precipitation over the Mediterranean region and increased precipitation over Scandinavia (Fig. 3c) . The pattern in precipitation is similar to that found by Pozo-Vázquez et al. (2005) , who already related it to La Niña events and a positive NAO phase. The novelty of our study is that we reveal the role of the stratosphere in the NH La Niña winter response. Hence, our results indicate that strong La Niña events could be as useful as El Niño events to improve wintertime seasonal predictability over Europe.
b. Dynamical mechanisms
Now that we have shown the robust La Niña response in the polar stratosphere and in the NAE region, next we address the dynamical mechanisms that lead to these signals. In the lower stratosphere temperature is mainly dominated by planetary wave dissipation that deposit momentum modulating the mean flow and the mean meridional circulation (Newman et al. 2001; Edmon et al. 1980 ). The Eliassen-Palm (EP) flux and its divergence are measurements of planetary wave propagation and dissipation, respectively (Andrews et al. 1987) . Figure 4a shows the NDJ climatology of the EP flux (arrows) and EP flux divergence (colors). Planetary waves propagate upward and are refracted toward the equator in the upper stratosphere.
The negative values of the EP flux divergence indicate the regions where the atmospheric planetary waves deposit zonal momentum. During strong La Niña events, an anomalously downward EP flux is observed in the troposphere between 408 and 608N and throughout the entire stratosphere between 608 and 908N (Fig. 4b) . The anomalies in the EP flux divergence are positive in the stratosphere and exceed 0.5 m s 21 day 21 in the upper region. These results indicate that during strong La Niña winters, the climatological upward wave propagation and dissipation is reduced in the polar stratosphere, which leads to a stronger polar vortex as shown in Figs. 1 and 2. This behavior in the wave-mean flow interaction during La Niña was already shown in a model experiment (Li and Lau 2013) , but this is the first time it is found in reanalysis data.
To provide further insight into the mechanism related to the lack of wave activity penetrating into the stratosphere, we focus on the zonal mean eddy meridional heat flux, which is the main contributor to the vertical component of the EP flux (Newman et al. 2001) . Following the framework of Nishii et al. (2009) we decomposed the anomalous zonal mean meridional eddy heat flux:
FIG. 3. Longitude-latitude polar projection composite of the January-February average (a) SLP, (b) surface temperature, and (c) precipitation for strong La Niña winters. Colors indicate areas significant at the 90% confidence level, and stippling indicates significance at the 95% level.
Similar notation to that of Nishii et al. (2009) has been used. Thus, the asterisks denote the deviation from the zonal mean (the eddy) for the meridional wind y and the temperature T, and the angled brackets ,.. denote the composite mean. The subscripts c and a stand for the climatology and the daily anomaly. The first term on the right-hand side corresponds to the interference term that accounts for the interference between the climatological stationary waves and the anomalous waves. The second term is the anomalous wave packet term, and it reflects the activity of the anomalous wave itself. Figure 5 shows the total anomalous meridional eddy heat flux at 100 hPa for the NDJ mean averaged between 458 and 758N composited for strong La Niña (gray) and neutral (yellow) winters (Fig. 5a ). Its decomposition into the interference and anomalous wave packet terms appears in Figs. 5b and 5c , respectively. The corresponding values are summarized in Table 2 . Neutral winters are defined as winters with no El Niño or La Niña events. In this case, we have chosen the threshold of 0.5 SD for El Niño and 20.5 SD for La Niña in the N3.4 region to make sure neutral years do not include any ENSO signal. For both strong La Niña and neutral winters, the anomalous meridional heat flux is negative (Fig. 5a ), indicating that in both cases the upward wave activity is reduced compared to the climatology, as was already shown in Fig. 4 . However, the magnitude of the total anomalous heat flux is much larger during La Niña winters than in neutral winters (20.96 against 20.16 m K s
21
).
Interestingly, the decomposition into different terms reveals the contribution of different factors during neutral and strong La Niña winters. During strong La Niña winters, the interference term (20.88 m K s
) accounts for 92% of the anomalous eddy heat flux, and this interference term is statistically different to the same term during neutral winters at the 90% confidence level according to a t test. For neutral winters, unlike La Niña winters, the total anomalous meridional eddy heat flux term is dominated (73%) by the anomalous wave packet term. Thus, strong La Niña winters are characterized by a large reduction in upward wave activity through destructive interference between the anomalous planetary waves and the climatological eddies. Nishii et al. (2010) investigated the polar stratospheric response associated with the western Pacific teleconnection and reported destructive interference between the anomalous wave and the climatology prior to a polar stratospheric cooling. They also found that this destructive interference was mainly dominated by the term y a *T c * in Eq. (1). In particular, Nishii et al. (2010) showed that the climatological warm eddy temperature T c * and the equatorward eddy meridional wind anomalies y a * over the Bering Sea and Alaska at 100 hPa contributed negatively to the anomalous meridional eddy heat flux. Also during strong La Niña winters the term y a *T c * in Eq. (1) is the main contributor to the interference term (not shown). Then, we have reproduced the analysis made by Nishii et al. (2010) for strong La Niña winters, and Fig. 6a shows T c * and y a * at 100 hPa. During strong La Niña winters, prior to a polar stratospheric cooling, the anomalous eddy meridional wind is equatorward (negative values) over Alaska and the Bering Sea region, where the eddy temperature is climatologically warm, similar to Nishii et al. (2010) results. Such anomalous interference is associated with the tropospheric wave pattern in eddy geopotential height anomalies, whose average for NDJ is shown in Fig. 6b . A dipole of anomalies is observed over the northeast Pacific and North America, in quadrature to that during El Niño winters (Hoerling et al. 1997) . The dipole, with the node over the ocean, is characterized by significant negative anomalies over North America and large significant positive anomalies over the North Pacific Ocean. These positive anomalies extend toward the northwest Pacific leading to a weak Aleutian low, in agreement with the behavior that Nishii et al. (2010) found preceding a polar cooling. In summary, the analysis carried out here explains the origin of the stratospheric pathway presented in the previous section by consistent dynamical mechanisms. During strong La Niña winters an anomalous weak Aleutian low leads to suppressed anomalous upward wave activity into the stratosphere, via destructive interference between the anomalous and climatological stationary waves, which in turn strengthens the stratospheric polar vortex.
c. Sensitivity to La Niña threshold
The results presented here raise the question of why previous studies did not find similar robust responses. We already mentioned in the introduction that the use of a lower threshold is a common methodology that has been followed in other studies to allow for a larger composite size. Next, we investigate the relevance of the threshold in obtaining a robust response to La Niña events. To do so, we define extended La Niña events whenever the standardized SST anomalies (SSTA) over the N3.4 region are below 20.5 SD (the events are listed in Table 1 ). Figure 7 shows the scatterplots of the standardized NDJF SSTA Niña-3.4 index versus the DJF zonal mean zonal wind anomalies at 10 hPa for the 508 and 708N average (Fig. 7a) ( Fig. 7b) . A clear relationship between the extended La Niña events SST anomalies and the polar stratospheric response is observed. The correlation coefficient between the extended La Niña index and the DJF zonal mean zonal wind anomalies is r 5 20.56, suggesting that the stronger the La Niña events, the stronger the polar vortex. Correspondingly, the correlation coefficient for the temperature is r 5 0.53; that is, the stronger the La Niña events, the colder the stratospheric anomalies. A similar correlation coefficient is obtained for strong La Niña events, comparable to the coefficients obtained by Free and Seidel (2009) for both ENSO phases. Importantly, Fig. 7 shows that the linear fit crosses over zero very close to the 21-SD threshold, supporting the use of the 21-SD threshold to define strong La Niña winters.
Figure 8 (left) shows the latitude-pressure composite of extended La Niña winters for the DJF zonal mean temperature (Fig. 8a) and zonal mean zonal wind (Fig. 8d) , similar to Fig. 1 . Not surprisingly, the magnitude of the tropospheric cooling at the equator is slightly weaker in the composite of extended La Niña winters than in strong La Niña events (20.5 vs 20.7 K). Differences are also observed in the lowermost tropical stratosphere, where the warming is substantially smaller and not significant in the extended La Niña winters. Likewise, in the polar stratosphere the zonal mean responses in temperature and zonal wind are much weaker and not significant, in agreement with previous studies that used the same threshold. Therefore, these results suggest that the 20.5-SD threshold is not adequate to extract the La Niña response in the stratospheric circulation. This interpretation agrees with the scatterplot results (Fig. 7) since weaker events show a larger spread for the stratospheric response. This might be because the extended La Niña events are simply not strong enough to generate a polar stratospheric response or Table 1 for details). Numbers in brackets indicate the number of winters in each composite. because even though they are able to modulate the polar stratosphere, their weaker signals are masked by other sources of variability. We next investigate the latter possibility. The major disruption of the polar stratosphere comes from the occurrence of SSWs. To investigate the role of SSWs on La Niña response, we separate the extended La Niña winters in those with and without SSWs (Fig. 7) . It is remarkable that winters with SSWs (dots) are mostly related to negative wind and warm temperature anomalies, whereas winters without SSWs (triangles) are linked to stronger wind and cold temperature anomalies. The frequencies of winters with at least one SSW (between November and February) are similar for strong and extended La Niña winters, 0.50 and 0.55, respectively. The composited zonal mean temperature and zonal mean zonal wind anomalies for the extended La Niña winters with and without SSWs are shown in Fig. 8 . Similar results are obtained when the anomalies are computed with respect to a climatology based exclusively on winters without SSW occurrence (not shown). During extended La Niña winters with SSWs (Figs. 8b,e) , a significant warming is observed in the lower polar stratosphere accompanied by negative zonal mean zonal winds. This behavior is opposite to that shown during strong La Niña events (Fig. 1) and reflects the occurrence of the SSWs. In contrast, when extended La Niña winters without SSWs are composited (Figs. 8c,f) a robust cooling and significant positive zonal wind anomalies appear in the polar stratosphere, similar to the pattern obtained for strong La Niña events (Fig. 1) . Note that the magnitude of the anomalies is even larger than that in Fig. 1 ). However, unlike strong La Niña events, significant zonal mean zonal wind anomalies do not penetrate into the troposphere. For comparison, we also stratified strong La Niña winters into winters with and without SSWs (not shown). Interestingly, the stratospheric response during strong La Niña winters with SSWs is not significant, probably related to the counteracting effects of the SSW-related warming and strong La Niña cooling on the small-sized composite (only four winters are composited in this case). As expected for strong La Niña winters without SSWs a strong significant cooling appears (about 28 K). Indeed, these strong events dominate also the signature of the extended La Niña events without SSWs (Figs. 8c,f) (not shown).
In the tropical troposphere, the cold signature observed for strong La Niña events is also present for the extended La Niña winters with and without SSWs (Figs. 8b,c) , although during winters with SSWs this signal is weaker and the anomalous cooling does not reach 20.5 K (Fig. 8b) . In fact, the composite of the standardized SST anomalies in the N3.4 region during extended La Niña events with SSWs is 21 SD, which is lower and statistically different from the 21.46-SD value, obtained for extended La Niña winters without SSWs. Thus, the tropical Pacific SST anomalies are on average weaker for the extended La Niña events with SSWs than for those without SSWs. Still, in both cases the tropical response in the troposphere is an anomalous cooling, which cannot explain by itself the opposite signs found in the polar stratosphere during extended La Niña events with or without SSWs. Hence, it is clear that SSWs play a relevant role in modulating the observed polar stratospheric signal for extended La Niña winters, which, we claim, is characterized by a robust cooling.
To better understand the role of the SSWs during La Niña winters, Fig. 9 extends Fig. 5b , by including the interference term for extended La Niña events and strong and extended La Niña winters with and without SSWs. The extended La Niña events (green) show a negative but small interference contribution (Table 2) , not statistically different compared to neutral winters (yellow), in line with Sassi et al.'s (2004) results using a FIG. 9 . NDJ mean total anomalous meridional eddy heat flux interference contribution at 100 hPa and averaged between 458 and 758N for neutral winters (yellow), strong La Niña winters (gray; 21-SD threshold), strong La Niña winters with SSWs (purple), strong La Niña winters without SSWs (brown), extended La Niña winters (green; 20.5-SD threshold), extended La Niña winters with SSWs (orange), and extended La Niña winters without SSWs (blue). Error bars indicate the lower and upper confidence limit for the mean at the 95% confidence interval. model simulation. The division of extended La Niña winters into winters with and without SSWs provides additional information. During extended La Niña winters without SSWs the interference term is negative (blue), indicative of reduced upward wave activity and similar to that during strong La Niña winters (20.75 vs 20.88 m K s
21
; no statistical differences are found). Instead, during extended La Niña winters with SSWs (orange), the interference contribution to the anomalous heat flux is positive, reflecting anomalous upward wave activity in this case. On the contrary, for strong La Niña winters selected with 21-SD threshold, the interference term is negative for winters with and without SSWs (purple and brown). This indicates destructive interference regardless of the SSW occurrence, albeit the reduced composite size introduces widespread error bars. However, the contribution of the interference and anomalous wave packet terms to the total anomalous heat flux is very different during the extended La Niña winters with and without SSWs. While the interference term (destructive interference) dominates during extended La Niña winters without SSWs (see Table 2 ), similar to the behavior found during strong La Niña winters, the contribution of the anomalous wave packet term is larger in the case of extended La Niña winters with SSWs (Table 2) . This is consistent with the analysis of Smith and Kushner (2012) , who found that the interference term was more important in composites with lower heat flux values (strong La Niña and extended La Niña events without SSWs in our case). To sum up, La Niña signal is related to destructive interference between the climatological and anomalous planetary waves. However, a constructive interference takes place when SSWs occur, supporting our hypothesis that the polar stratospheric signal observed during extended La Niña events with SSWs reflects the behavior of the SSWs.
To add consistency to our conclusions we plot the interference terms and geopotential height anomalies (analogous to Fig. 6 ) for extended La Niña winters with and without SSWs (Fig. 10) . During extended La Niña winters with SSWs (Fig. 10a ) the anomalous meridional eddy wind over Alaska and the Bering Sea region is poleward (positive values), while it is equatorward during extended La Niña winters without SSWs (Fig. 10b) , leading to constructive and destructive interference, respectively. Differences are also found in tropospheric eddy geopotential height anomalies. During extended La Niña winters without SSWs (Fig. 10d) an anomalous dipole, similar to that found during strong La Niña winters (Fig. 6) , is observed, although the positive anomalies extend more to the northwest and are weaker. During extended La Niña winters with SSWs (Fig. 10c) , the dipole is shifted eastward; positive anomalies are confined to lower latitudes and do not reach the Bering Sea and Alaska region. Indeed, Garfinkel et al. (2012) identified this region (near 628N and 1808E) as a precursor of SSWs, such that negative geopotential height anomalies were detected therein prior to the occurrence of SSWs leading to a weaker vortex. The interference of the negative geopotential height anomalies before the SSWs together with the positive anomalies associated with La Niña winters (Fig. 10c ) results in nonsignificant anomalies in this region. Therefore, the lack of a polar stratospheric response during extended La Niña winters could be related to a sampling problem, as the signal-to-noise ratio is largely reduced due to the occurrence of SSWs.
In addition to the influence of SSWs, inspection of the zonal mean zonal wind anomalies in the tropics reveals that the QBO could be also playing a role on modulating the stratospheric signal during extended La Niña winters. During extended La Niña winters with SSWs, Fig. 8e shows easterly wind anomalies at the equator between 20 and 60 hPa, while westerlies are observed during La Niña winters without SSWs (Fig. 8f) . Table 1 shows the QBO phase for each extended La Niña winter. We identify 6 EQBO winters (5 of them with SSWs) and 11 WQBO winters (3 of them with SSWs). This means that SSWs occur in 83% of the EQBO winters, and they are absent in 73% of the WQBO winters. Note that three extended La Niña winters are unclassified. Thus, there seems to be a relationship between extended La Niña winters with SSWs and the EQBO phase and extended La Niña winters without SSWs and WQBO. Dunkerton et al. (1988) already noted that SSWs are not prone to occur during the WQBO phase. However, the percentages we obtained during extended La Niña winters are reduced when we consider the entire 55 winters: SSWs (no SSWs) occur in the 61% (61%) of the EQBO (WQBO) phase winters. Similar to the subsetting performed in Fig. 8 , the classification of extended La Niña winters into EQBO and WQBO phases also depicts significant and opposite polar stratospheric anomalies (not shown), but such EQBO/WQBO division is closely related to the SSW occurrence/absence. Unfortunately, the limited reanalysis record hampers a deeper analysis on the relationship between SSWs and QBO phases during La Niña winters. Nonetheless, we can determine that the SSWs-/QBO-induced modulations of the polar vortex are strong enough to hide La Niña signal when a low threshold is selected (20.5 SD). On the other hand, the polar stratospheric response to strong La Niña events (21 SD) is robust, even though the signal in the tropical stratosphere is weakly positive, suggesting a weak WQBO predominance (Fig. 1b) , but it is not statistically significant. In fact, the classification of strong La Niña events into EQBO and WQBO phase winters suggests, despite the limited sample, no predominance of the QBO signal over the strong La Niña stratospheric signature (not shown).
Summary and discussion
This study reveals a stratospheric pathway for La Niña and its teleconnections in the NAE region, using the JRA-55 reanalysis and the CRU dataset. With 55 years of reanalysis data we have found a significant strong and cold polar stratospheric vortex during strong La Niña events. These events are defined as those with an NDJF N3.4 index lower than 21 SD. These zonal mean stratospheric anomalies are later on propagated downward, from the upper stratosphere in late December to the troposphere in January-February, when they reach the surface. The consequent surface impact presents a robust pattern of negative SLP anomalies over the Arctic and positive anomalies over the NAE region. These anomalies increase the advection of warm air from the North Atlantic Ocean to Europe, and thus an anomalous warming is detected in northern and central Europe while reduced precipitation is observed in the Mediterranean area and enhanced precipitation over Scandinavia. Our analysis also reveals the mechanism behind this pathway. A significant anomalously weak Aleutian low is observed during strong La Niña events and prompts destructive interference between the climatological and the anomalous La Niña stationary waves. This in turn leads to reduced upward-propagating wave activity into the stratosphere and weaker wave forcing, strengthening the polar vortex. In short, we have established a stratospheric link between the tropospheric anomalies in the tropics and anomalies in the NAE region during strong La Niña winters. Consequently, distinct but analogous to El Niño, our results suggest that strong La Niña events (defined by the 21-SD threshold) could be relevant to improve seasonal predictability over Europe. Furthermore, we explain the lack of a robust La Niña response in the stratosphere reported in previous observational and reanalysis studies; the competing influences of SSW occurrence and the QBO during extended La Niña events (defined by the 20.5-SD threshold) lead to a nonsignificant response in the polar stratosphere. Thereafter, we conclude that a threshold of 20.5 SD in the N3.4 index is not appropriate to obtain the atmospheric teleconnections of La Niña. For this reason, we recommend defining La Niña events with a relatively high threshold of 21 SD on the N3.4 index. At the same time, we also noted that our longer dataset includes the two latest La Niña events, which were not considered before and are characterized by a midwinter strong polar stratospheric cooling.
On the relationship between La Niña events and the occurrence of SSWs, the frequencies of SSW occurrence per winter, defined from November to March, are 0.88 and 0.70 for strong and extended La Niña events (note that more than one SSW occurs during some La Niña winters). Such frequencies are similar to El Niño winter SSW frequency (0.76) and higher than for the neutral winters (0.44). Then, we did not report a reduced SSW occurrence frequency during La Niña winters compared to El Niño or neutral winters, in agreement with the study of Butler and Polvani (2011) . However, it is remarkable that strong La Niña events selected in this study are mainly related to late winter SSW occurrence. During strong La Niña winters, five out of the seven SSWs registered occurred late in winter (beyond 20 February). Instead, during the extended La Niña winters only one additional SSW is found late in winter (see Table 1 ). These results suggest that the reduced upward wave activity related to strong La Niña events might not inhibit but delay to late winter the occurrence of SSWs. Nonetheless, owing to the short reanalysis record, this hypothesis needs to be investigated in the future in long model simulations.
Compared to previous studies based on reanalysis, it is important to notice that our results suggest a stratospheric pathway that does not reconcile with the one defined by Butler et al. (2014) . While Butler et al. (2014) consider the stratospheric pathway active only when one or more SSW occurs, we searched for a stratospheric pathway for La Niña, irrespective of SSW occurrence, and we found that La Niña is associated with a strong vortex, which can also have an impact at the surface (Baldwin and Dunkerton 2001) . In addition, we found discrepancies in the detection of strong La Niña events compared to those in Mitchell et al. (2011) , who also used reanalysis data. Applying the 21-SD threshold, similar as we do for strong La Niña events, they impose the SSTA to exceed 21 SD for at least 3 months including December. In this fashion, they identified eight La Niña winters based on HadISST over the period. However, according to our selection, based on NCEP/CPC N3.4 index and using a longer period to compute the climatology, two of those winters (1983/84 and 1984/85 ) cannot be identified as strong La Niña winters (their NDJF anomalies do not reach the 21-SD threshold). This means that they include some extended La Niña winters in their composites, and their significant signal is confined to the upper stratosphere (see Mitchell et al. 2011, their Fig. 6 ).
On the other hand, modeling studies on La Niña response in the polar stratosphere show contradictory results. The pioneer modeling works of Sassi et al. (2004) and Manzini et al. (2006) showed a negligible response to La Niña in the polar stratosphere, which was not statistically different from neutral winters. Nonetheless, more recent modeling studies reported a significant stratospheric cooling during La Niña (Calvo et al. 2010 ) and a robust strong vortex related to suppressed anomalous upward propagation (Li and Lau 2013) . None of these modeling studies investigated the possibility of a stratospheric effect over the NAE region, and given that our composites size is still reduced, it would be of interest to analyze the role of the stratosphere in NH tropospheric La Niña teleconnections in long model simulations. Moreover, such simulations would allow evaluating interactions among the different sources of variability detected here, such as the occurrence of SSWs and the QBO phase and their modulation on the NAE La Niña teleconnections. Finally, the potential of La Niña to improve seasonal predictions should also be tested in model simulations.
